Multiparent advanced generation inter-cross (MAGIC) populations can provide improved genetic mapping resolution by increasing allelic diversity and effective recombination. The Four Parent Maize (FPM; Zea mays L.) population implemented five different mating designs used in MAGIC and bi-parental populations to compare empirical effects on genetic resolution and power of quantitative trait locus (QTL) detection; the combined population here comprised of 1149 individuals with 118,509 genetic markers. Measurements were recorded for plant height (PH), ear height (EH), days to anthesis (DTA) and silking (DTS) in seven environments, spanning three years. Linkage disequilibrium (LD) analysis of subpopulations indicated MAGIC population designs should incorporate generations of intermating to overcome initial LD increase caused by population admixture in a non-intermated four parent population (4way0sib). A 3-to 4-fold increase in genetic resolution (r 2 <0.8) and a 2.5-fold decrease in the extent of LD decay (r 2 <0.2) compared to the biparental populations was found for the four parent cross at the third generation of intermating (4way3sib). Power of QTL detection was affected to a greater extent by sample size rather than by mating designs. The FPM power simulations indicated that MAGIC populations have the ability to meet or exceed the mapping power of nested association panels with fewer individuals and diversity inputs. Using association mapping software we identified 2, 5, 7, and 6 QTL for PH, EH, DTA, and DTS, respectively. The FPM population is a valuable resource for quantifying empirical improvements of parent number, intermating, and the number of progeny for QTL linkage mapping.
parental lines and the progeny are self-pollinated to develop either F 2 , F 3 , or recombinant inbred lines (RILs) for phenotypic evaluation and mapping. The biparental mating design is commonly implemented in QTL linkage mapping studies due to the ease of development, high detection power, and the availability of statistical analysis tools (Doerge, 2002) . However, due to limited recombination opportunities, QTL are often mapped at low resolution (i.e., large support intervals) in biparental crosses (Huang et al., 2012) and multiple small effect QTL can be detected as single large effect QTL due to large genetic blocks (Balasubramanian et al., 2009; Holland, 2007) .
Development of mapping populations utilizing multiple (> 2) founder lines can increase allelic diversity within the population while maintaining high allele frequencies Mott et al., 2000) . Inspired by heterogeneous stocks (Doerge, 2002; McClearn et al., 1970) , intermating of multiple, diverse founders in a predefined order (i.e., funnel design) results in lines consisting of equal contributions from all founders. The resulting genetic makeup of the population relies on design and selection of funnels used to cross founders (Broman, 2005) . Similarly, additional generations of intermating in advanced inter-crossed RILs (AI-RILs) increases the frequency of effective recombination events that can be captured, which increases the resolution of QTL mapping (Darvasi and Soller, 1995; Lee et al., 2002) . Integration of multiple parental lines with AI-RILs has led to the development of multiparent advanced generation inter-cross (MAGIC) populations in crops (Cavanagh et al., 2008) .
The MAGIC populations have provided a platform for fine-mapping in a single population through combining increased effective recombination with increased numbers of markers to generate high density maps. Similarly to Nested Association Mapping (NAM) populations (McMullen et al., 2009 ), but unlike diversity panel association mapping approaches, the allele frequencies will generally be balanced across loci in MAGIC populations and rare alleles will be brought to moderate frequency while avoiding population structure. The four-way wheat MAGIC population (Huang et al., 2012) found increased resolution in areas of the genome in which the biparental consensus map was unable to separate. Additionally, the eight parent tomato population increased map size by 87% that of the biparental map and decreased QTL support intervals outside of the centromere regions (Pascual et al., 2015) . The Maize MAGIC (MM) population (Dell'Acqua et al., 2015) simulated its' ability to detect QTL at nearly the same power (n = 500, power = 41%) while, utilizing half the individuals as the maize NAM (n = 1000, power = 50%) (Yu et al., 2008) . Meng et al. (2016) demonstrated increased QTL identification power and faster LD decay distance in the 8-way Indica rice MAGIC population compared to the 4-way. Currently MAGIC populations (reviewed by Huang et al., 2015) have been developed in Arabidopsis (Kover et al., 2009) , rice (Bandillo et al., 2013; , wheat (Huang et al., 2012; Mackay et al., 2014) , durum wheat (Milner et al., 2016) , barley (Sannemann et al., 2015) , dry bean (Lobaton et al., 2015) , tomato (Pascual et al., 2015) , sorghum (Higgins et al., 2014) and maize (Dell'Acqua et al., 2015; Mahan et al., 2018) .
Phenotypic Traits
Maize flowering time (FT) is a highly heritable, adaptive set of phenotypes that consists of both male (days to anthesis, DTA) and female (days to silking, DTS) flowering time traits. Maize FT genetic architecture has typically consisted of many small effect additive QTL that are stable across environments (Buckler et al., 2009) . High haplotype diversity, strong population structure, and rapid LD decay within regions make identifying causative polymorphisms for maize FT challenging (Romay et al., 2013) ; a MAGIC population could be useful to further dissect FT. Furthermore, height variation (including PH and EH) is another highly heritable set of phenotypes in maize, with variation explained by a very large number of small additive effect QTL; although large effect height genes exist, they were likely fixed during domestication and early selection (Peiffer et al., 2014) . The PH is an important trait in many agronomic crops (wheat, rice, etc.) for increasing yield potential through selection; primarily for reduced overall height, which increases harvest index and reduces losses to lodging (Khush, 2001) . Conversely, PH (61%) and EH (56%) have significant positive correlations to maize grain yield in commercial varieties (Farfan et al., 2013) and experimental hybrids when grown in semi-tropical Texas environments or other high stress environments (Talabi et al., 2017) . The high variability combined with ease of accurate phenotyping and resulting high-heritability has made identification of causative polymorphisms for PH and EH an important validation of genetic mapping experiments.
Theory Behind MAGIC Design
Increasing the number of parents in a linkage population would be expected to increase the range of phenotypic variation as more diverse alleles are added. Theory would also predict that additional cycles of intermating would expand the phenotypic variation of a quantitative trait due to increased recombination of alleles at linked loci holding all other variables (i.e. relationship among parents, the genetic architecture of traits, population size, and the extent of transgressive segregation) constant. Previous studies using narrow elite Midwestern germplasm have failed to show substantial or significant increases in variation from intermating (Lamkey et al., 1995; Lima Neto and Souza Júnior, 2009 ). However, it is unknown if intermating in parents derived from more diverse germplasm would expose greater transgressive segregation, although Mahan (2015) has shown that multiparent populations do show an advantage over biparental populations when working with genetically narrow parent lines. To date, there have been no controlled empirical studies comparing the relative improvements in QTL mapping from additional parents, additional inter-mating, and larger population sizes.
In this study we sought to specifically evaluate the effects of different mating designs on the genetics and the genetic dissection of four common quantitative traits using the different subpopulations of the FPM population. Specifically, the objectives of this study were to: (i) evaluate the effect of the FPM population mating designs on sources of experimental variation using variance component estimates, (ii) determine the effect of FPM population mating designs on the extent of linkage disequilibrium, and (iii) evaluate the ability of FPM population mating designs to detect QTL for four quantitative agronomic traits.
MAterIAls And Methods

Plant Materials
The FPM population, as evaluated, was comprised of 1291 individual RILs derived from a variety of mating schemes involving four parental inbred lines. The detailed development of the FPM population can be found in Mahan et al. (2018) , but will be explained here briefly. Inbred lines Tx903 (pedigree:
were previously characterized for agronomic and phenolic acid content combining ability (Mahan et al., 2013) , and were selected for their independent genetic backgrounds, expression of the blue aleurone trait, and high antioxidant levels (Collison et al., 2015) . Tx772 was incorporated for its' Argentinian origins and decreased susceptibility to aflatoxin (Llorente et al., 2004) . B73Olc1 was anticipated to be nearly isogenic to the maize reference genome except for a mutant allele of interest that is known to increase oleic acid concentrations (Wright, 1995) .
B73Olc1 was crossed to Tx903 (B73Olc1 × Tx903) and Tx772 was crossed to Tx906 (Tx772 × Tx906), creating two biparental F 1 hybrids in the 2009 College Station (CS), TX summer nursery; followed by the 4way (dihybrid) cross in the 2009 Weslaco (WE), TX fall nursery. The four parent individuals underwent successive generations of random intermating up to CS 2011, where selfing began on the biparental populations, as well as, the four-parent subpopulations with zero (4way0sib), one (4way1sib), and two (4way2sib) generations of sibling intermating before selfing. The four-parent subpopulations with three (4way-3sib) generations of sibling intermating before selfing was intermated in CS 2011. In WE 2011 all subpopulations were selfed (147, 21, 84, 40, and 101 from 4way3sib, 4way1sib, 4way0sib, Tx772 × Tx906, and B73Olc1 × Tx903) . Due to low sample size (15 F 1 ears), a B73Olc1 × Tx903 plot was selfed in CS 2010 followed by two generations (WE 2010 and CS 2011) of intermating resulting in 41 B73Olc1 × Tx903-1self2sib plots being selfed in WE 2011. All individuals were planted and selfed for four successive generations from CS 2012 to WE 2013 resulting in six subpopulations at the F 4:5 generation. The development of the FPM population resulted in a total of 1291 RILs including two bi-parental subpopulations Tx772 × Tx906 (n = 141) and B73Olc1 × Tx903 (n = 145; 48 2way and 97 2way1self2sib), as well as, 4 four-parent subpopulations (n = 1005 combined): 4way0sib (n = 120), 4way1sib (n = 234), 4way2sib (n = 106), and 4way3sib (n = 545). We reference to the FPM population (n = 1291) with respect to entire set of subpopulations described above.
Field Trials and Phenotyping
Seven trials of the population, each with one replicate, were evaluated in College Station (CS), TX during the years of 2013 to 2015 using an augmented block design. The augmented design allowed for non-replicated entries within a trial by using replicated checks throughout the blocks. Subpopulations were not grouped individually within the trials but rather all of individuals within the FPM population were randomly assigned plots. Each of the seven trials were evenly blocked to account for field variation with three expired plant variety protection (ex-PVP) inbreds, replicated twice within each block during CS 2013 and 2014, followed by one replicate per block in CS 2015 . During CS 2013 , LH82 (Holden's Foundation Seeds, 1985 , LH195 (Holden's Foundation Seeds, 1991), and PHV63 (Pioneer Hi-Bred International, 1998) were used as the commercial checks. In subsequent years LH82 was switched for PB80 (DeKalb-Pfizer Genetics, 1988) because LH82 flowered much earlier than the lines in the FPM population, while LH195 and PHV63 remained as checks. Additionally, the check/parent lines should be consistent and have well documented phenotypes from years of implementation in the breeding program; therefore, parental lines were replicated within each trial (excluding CS13N) and were treated as additional checks. Detailed information on the size of each trial, including the number of entries, parental lines, and commercial checks are included in Table 1 .
Flowering time was recorded as the point in which 50% of the individuals within a plot were shedding pollen (DTA) or silks emerging (DTS). Days to anthesis/silk were calculated by subtracting the planting date from the recorded flowering date of the respective trait. The 2014 College Station nursery (CS14N) was a seed increase block where shoot/pollination bags made accurate assessments of FT difficult, for this reason we did not collect FT data in this environment. PH was measured in the field as the average height of the plants within the plot from the base of the plant to the tip of the tassel. Ear heights were measured similarly as the average PH from the base of the plant to the attachment node of the top ear.
Genotyping
A total of 1207 individuals were genotyped; two biparental subpopulations, Tx772 × Tx906 (n = 130) and B73Olc1 × Tx903 (n = 129; 43 2way and 86 2way1self2sib), as well as, 4 four-parent subpopulations (n = 948 combined, 6 unclassified to subpopulation): 4way0sib (n = 117), 4way-1sib (n = 213), 4way2sib (n = 97), and 4way3sib (n = 515). In total 1048 F 5:6 generation from the CS13 nursery were grown under greenhouse conditions and tissue samples were taken approximately one week post planting for the majority of lines. A random subset of 159 lines had been genotyped from field grown tissue originating from a winter nursery in Weslaco, TX in 2011 in a pilot study and were subjected to a slightly different DNA extraction protocol. For the majority of lines, DNA was isolated following the ZR-96 Plant/Seed DNA Kit protocol and DNA concentrations were quantified using AccuBlue Broad Range assay. The genetic library construction followed digital genotyping protocols detailed in Morishige et al. (2013) using restriction enzyme NgoMIV. DNA was then ligated to Illumina-compatible adapters with 12 bp barcodes and pooled into groups. Single end sequencing was performed on the Illumina HiSeq2500 for 107 cycles with 48 genotypes per pool. Filtered reads for each individual of the population were mapped to the maize genome (ZmB73_RefGenV2_masked; http://www.maizegdb.org/) and analysis of single nucleotide polymorphism (SNP) and insert or deletion (INDEL) of bases was completed using CLC Bio Genomics Workbench 6.5.1 software. Markers with greater than 90% missing calls were removed from the data set, while markers with less than 90% missing data were imputed using fastPHASE software (Scheet and Stephens, 2006) . In this study, multiple criteria were used within both biparental subpopulations (B73Olc1 × Tx903 and Tx772 × Tx906) to eliminate bad markers from the entire population; these included removing markers with non-parental alleles and excess heterozygosity (> 10%) resulting in 118,509 markers segregating across the entire population. In addition to the complete set of 118,509 markers, we subset the markers which segregated across each of the two biparental subpopulations (12,740 markers); this permitted balanced and unbiased comparisons between each biparental subpopulation and the four-parent subpopulations. Furthermore, individuals with high heterozygosity (> 20%) were removed resulting in 1149 individuals including: 126 B73Olc1 × Tx903, 112 Tx772 × Tx906, 107 4way0sib, 212 4way1sib, 93 4way2sib, and 491 4way3sib; eight were 4way (based on the observed parental allele contribution frequencies) but their intermating level was misplaced. For detailed methods on genotyping the FPM population refer to Mahan (2015) .
Statistical Analysis
The phenotypic data was highly unbalanced with large amounts of field spatial variation observed. Each trait observation was assessed within individual environments for incorrect data entry due to transitioning of paper notes to electronic formats, as well as for variation associated with spatial variables (block, range, and row) to be included within the final combined environment analysis model. All traits and FPM lines were first analyzed on an individual environment basis by fitting the check (C) as fixed and the entry (X), block (B), range, and row as random effects under mixed linear models (MLM) by residual maximum likelihood (REML) procedures
to estimate variance components performed in ASReml v3.0-R Gilmour et al., 2009 proposed by Scott and Milliken (1993) by including the entry by environment interaction (XE), as well as, a non-nested entry effect [e.g., X(C)]. Models were initially analyzed using both the nested and non-nested entry effect, in which, the nesting only added a constant term to our prediction estimates. For this reason we chose the non-nested model in the subsequent analysis presented here, as it also reduced computational demand time in the calculation of entry by environment interactions.
Because of the unbalanced REML model an ANOVA was inappropriate to present and we have chosen to present the percent variation explain by the model terms.
Broad-sense heritability (H 2 ) was estimated on an entry means basis across all the environments (Eq. [3]). In this equation H 2 is the broad-sense heritability, 2 G s is the entry variation component, 2 e s is the residual error variation component, 2
entry-by-environment interaction variation component, r is the number of replications, and t is the number of test environments.
Linkage Disequilibrium Estimation
Intra-chromosomal LD calculations were conducted in PLINK 1.9 software (Purcell et al., 2007) to calculate r 2 as the measurement of LD between SNP that segregate within each biparental subpopulation, respectively. Due to additional challenges in calculating r 2 in a population derived from a multi-parent cross (polymorphic markers can start in one of 14 unphased [AA,AC,AG,AT,A-,CC,CG,CT,C-,GG,GT,G-,TT,T-; where "-" denotes an insertion/deletion] combinations across the four parents), intra-chromosomal r 2 was calculated using the mpcalcld function within the R/mpMap (Huang and George, 2011) package implemented in R 3.2.2 (R Core Team, 2013) using the full marker set. After initially attempting to use all SNP in the calculation of LD, which was too computationally demanding, random SNP from the entire set were selected that were at least 5 kb apart to reduce the computational demand. The LD decay was evaluated as the distance which mean LD had dropped below r 2 = 0.8 (resolution) and the distance at which LD fell below background noise levels of r 2 = 0.2 (LD decay extent) (Huang et al., 2012) .
Power Analysis
To assess the power of each subpopulation to detect significant associations, we conducted 100 iterations for each of the subpopulations using their respective "n" individuals. Using the "GAPIT.Phenotype.Simulation" function, the existing genotyping by sequencing (GBS) marker data was used to randomly simulate phenotypic signals for 20 and 50 QTL across the genome at h 2 = 0.40 and h 2 = 0.70 following a geometric effect distribution similar to the NAM and MM power simulations (Dell'Acqua et al., 2015; Yu et al., 2008) . The 12k marker set was used for all power comparisons to reduce computational demand and remove marker density as a variable.
Genetic Mapping
An association mapping approach, similar to single marker analysis in linkage mapping, was performed with a Q+K MLM (Yu et al., 2006) implemented in the GAPIT R package (Lipka et al., 2012; Tang et al., 2016) . Association mapping was conducted on the full FPM population (n = 1149), structure was accounted for by principle component analysis of the genotype data using the "PCA.total = " argument in the "GAPIT()" function. Although, lack of population structure is a key component of MAGIC populations the inclusion of biparental populations (which do not share all SNP and have different allele frequencies from the 4way populations) within the analysis were observed to cause structure within the data. When single subpopulation analysis was conducted (data not presented) number of PC was set to zero resulting in a classical MLM model. To reduce false positives due to skewed allele frequencies the SNP.MAF = 0.05 was used to remove markers with minor allele frequencies at 5% or less from the analysis. A conservative significance threshold was calculated for the large number of markers using the Bonferroni correction (Bonferroni, 1936) in which a significant logarithm of odds (LOD) score equals the negative log of α (0.05) over the number of markers. Additionally, false discovery rate (Benjamini and Hochberg, 1995) q values were calculated and SNP with adjusted P-values less than 0.05 were considered significant in this study.
results And dIscussIon
Phenotypic Characterization
The phenotype data in years 2013, 2014, and 2015 was observed to be significantly different (Fisher LSD; α = 0.05) in their range of phenotypic values (Supplemental File S1 (Fig. 1a ). This effect was visibly noticeable and caused by excessive rainfall and high standing water in the back ranges of the field where these trials were located (Supplemental File S2). Through the use of spatial factors, the model was able to account for field variation in the best linear unbiased predictors (BLUP) of the RILs. Furthermore, the checks and multiple replicates of parents were useful to help control field variation. Variation in the replicates of the checks/parent helps to partition the variation seen in the field to the proper spatial factor giving a better prediction (BLUP) of the RIL true phenotypes. Plants in the back blocks of the trial were often stunted in their growth in each trial; this also visibly affected ear heights so it was unsurprising that the CS15 trials had the shortest ear heights of all the trials (Fig. 1b ). The 2014 College Station dryland (CS14D) trial had the highest PH mean of all the environments and was located in an area of the field with increased drainage efficiency.
Of the parental lines, B73Olc1 was the tallest, or not significantly different from the tallest, parent in all environments ( Fig. 1a ; Supplemental File S3). Tx903, which has B73 in its pedigree, was consistently one of the shortest parental lines. Although Tx903 was developed from Tx114, a white kernel B73 (B73w) conversion line, which should be ~37.5% B73w based on the pedigree. Comparison of GBS data between Tx903 and B73Olc1 indicate ~65% SNP similarity (Mahan, 2015) . The remaining heterogeneous regions of the genome between the two parents likely segregate for multiple traits including those associated with height phenotypes.
There were significant differences (Fisher's LSD, α = 0.05) between the subpopulations within each environment for PH and EH ( Fig. 1a and b, Supplemental File S3). The biparental Tx772 × Tx906 subpopulation was the shortest subpopulation across all environments for both height traits ( Fig. 1a and b ). The 4way3sib subpopulation had the highest mean height phenotype in all environments except CS15TP, in which the 4way3sib was not significantly different from the tallest subpopulation. Additionally, the 4way3sib subpopulation had the tallest ear heights in all but three environments ( Fig. 1b , Supplemental File S3). The two most likely causes of increased height were excess residual heterozygosity within the subpopulation (averaging 6 vs. 3-5% for the other subpopulations, Supplemental File S4), or an unintended bias to select the tallest plants in the final year of selfing.
Flowering time trends were consistent for both DTA and DTS with the 2013 College Station trial (CS13T) having the longest mean FT interval and the CS14D trial having the shortest mean interval ( Fig. 1c and d) . This was likely due to the date in which the trials were planted, with later plantings exposing the trial to faster accumulation of heat units resulting in shorter vegetative to reproductive transition periods. The CS14D was planted the latest of all seven trials (March 28) and had the shortest flowering intervals, as expected. Parent B73Olc1 had the latest DTA among the parental lines and Tx906 had the latest DTS. Significant differences were found between the subpopulations within each environment for DTA and DTS. The 4way1sib subpopulation was frequently observed to be among the earliest flowering across all environments for DTA and DTS, but was generally not significantly earlier. The 4way2sib subpopulation consistently produced the latest flowering inbreds. Fig. 1 . Individual environment means for each subpopulation and founder line for plant height, ear height, days to anthesis and days to silking for each of the seven environments. Error bar represents 95% confidence interval. Environment descriptions can be found in Table 1 .
Individual Environment Variance Components
The individual environment model (Eq. [1]) was fit for all traits and each environment; however, there was no single trait in which significance was found for all effects in the full model (Eq. [1]) across all of the environments (Table 2) . All traits were significant for each full model effect in at least one environment indicating that all spatial parameters of the model would be useful to test within the combined analysis nested within the environments. Further investigation of individual environments was consistent with field observations; for example, PH showed a significant field spatial range effect in CS14I, CS14D, CS14N, and CS15T. High block significance was found in all but three individual environmental analyses (PH, CS14I; EH, CS13T, and CS14I). Most traits and environments had highly significant entry effects. These ranged from 0% of the variation for DTA and DTS in CS14D (the fastest flowering environment, which compressed differences between lines) to 90% of total variation for PH in CS13T. Nonsignificant entry effects were found for DTA in CS14D and CS14I, as well as, DTS in CS14D and CS15T. Across all traits, PH and EH had a higher proportion of variance attributable to entry within each environment, suggesting that the genetic variability between progeny was wide, the field variation was low, and/or the phenotyping was most accurate for these traits.
Multiple Environment Trial Analysis
Based on the results of individual analysis we decided to combine environments and perform a multiple environment trial analysis (Eq. [2]). As anticipated from single environment analysis, range and row effects explained a higher proportion of variation seen in PH/EH than that of DTA/DTS (Table 3) ; indicating that plant/ear height was affected to a greater extent by spatial variation than that of FT. Environmental effects accounted for ~35, 28, 78, and 69% of the variation in PH, EH, DTA, and DTS, respectively. The increased environmental variation in DTA/DTS is likely due to the variation in heat units accumulated within each environment, either compacting the flowering period into a short period of time (CS14D) or extending it over several weeks (CS13T). The genotypic effect of flowering time (~13% DTA and ~15% DTS) was substantially less than that of plant/ear height (~40%), which was likely largely due to larger genetic composition for height traits than flowering time in the population founders. The low levels of genotype-by-environment interactions (G×E), PH/EH (~2 to 3%) and DTA/DTS (< 1%), were likely due to the similarity of environments (multiple trials/years in same location) indicating relative stability of FPM within the trial location. Furthermore, the reduced G×E effect in FT was likely due to consistency in daylength across environments.
A major objective was to evaluate the effects of mating designs on phenotypic variation, supplementing the entry variable in the model with a population variable. Variance component estimates indicated that the subpopulation mating designs had a small but noticeable effect on height, explaining 1.8 and 5.6% of the total variation for PH and EH respectively, while flowering time variation was negligible. As found in individual environments, the 4way3sib subpopulation was significantly taller across environments than all other subpopulations for both PH and EH. Additionally, the 4way0sib subpopulation had significantly taller PH than the B73Olc1 × Tx903 biparental subpopulation and the other 4way subpopulations (excluding the 4way3sib subpopulation). Furthermore, all 4way subpopulations were significantly taller than the Tx772 × Tx906 biparental subpopulation. While the third generation of intermating caused significant increases in height this seemed likely due to the slightly increased residual heterozygosity (Supplemental File S4). To reduce the bias of larger population sizes of the 4way1sib (n = 212) and 4way-3sib (n = 491) subpopulations, we conducted 10 random samplings at each of four population sizes (30, 100, 250, 500), within each 4way subpopulation, testing if population size had an effect on the 4way3sib subpopulation significant height increase. The bootstrapping results indicated that the probability of the 4way3sib subpopulation being significantly different for PH and EH from the other 4way subpopulations increased as sample size increased in each subpopulation which is expected as increase in samples size increase power to detect differences (Supplemental File S5). Furthermore, detecting significant differences can be found across varying population sizes, indicating that the significant difference between 4way3sib and the other 4way subpopulations is a true difference. Theory would predict that mating designs with additional founders and intermating would increase phenotypic variation by increasing allelic diversity and breaking trans-linkages. The variance explained by the individuals within each subpopulation showed increased variation among all traits (except B73Olc1 × Tx903 ear height; Supplemental File S6) when the number of founder lines was increased to four, indicating that multiple parents were the largest factor increasing genetic variation in the subpopulations. Yet the effect of intermating had no obvious consistent trends across traits, surprising in such a large population. It is important to note that one generation of intermating most visibly increased the phenotypic variation of all traits with the exception of PH, although the changes in PH variation are minute in comparison to the other traits. Our results indicate that increase founder numbers increased phenotypic variation within all traits, but intermating does not follow genetic theory of exposing novel phenotypic variation, this was trait dependent but largely negligible.
Linkage Disequilibrium Among Subpopulations
The FPM population provided a unique opportunity to evaluate the effect of multi-founder and advance intermating on linkage disequilibrium, through the comparison of the underlying subpopulations. Because the subpopulations were generated from the same parents, in the same environments, and using the same marker sets, any difference should be uniquely due to mating design. Intra-chromosomal marker comparisons (at least 5 kb in distance) within the B73Olc1 × Tx903 (39,461 SNP), Tx772 × Tx906 (62,750 SNP) and 4way (118,509 SNP) subpopulations were used to estimate LD r 2 . Visual investigation of intra-chromosomal heatmaps from all segregating markers within each subpopulation (Fig. 2 ) depict noticeable differences in the LD structure between the biparental subpopulations. Many of the highly defined linkage blocks of B73Olc1 × Tx903 are likely due to large gaps (e.g., Chr4, 5, and 9) where identity by decent (IBD) between the two parents (Mahan, 2015) make identification of the recombination events, which presumably occurred, impossible. However, all four multi-parent subpopulations have a similar set of well-defined markers across each chromosome and the other biparental cross Tx772 × Tx906 was also without the extensive IBD gaps between the B73Olc1 and Tx903 parents, which shared a known common ancestor. The null expectation would be that the greatest LD on average would be in the biparental subpopulations, followed by the 4way0sib, 4way1sib, 4way2sib subpopulations, and the 4way3sib subpopulation having the least LD. While this trend was as expected for the 4way crosses (Fig. 3) , the biparental subpopulations were very different across each chromosome from the other subpopulations; this inconsistency was likely caused by the number of markers and regions of identity by decent for which fewer markers were available to calculate LD. We further investigated the genetic structures of each mating design for the extent of LD between intra-chromosomal marker pairs, using the LD decay threshold of r 2 = 0.8 and complete LD decay at r 2 < 0.2 as presented by Huang et al. (2012) .
We first evaluated the extent of LD between the two biparental subpopulations ( Fig. 4a and b) . Linkage began to degrade at a shorter distance (~0.45 Mb; Table 4 ) in the Tx772 × Tx906 subpopulation when compared to the B73Olc1 × Tx903 subpopulation (~0.60 Mb) while reaching complete decay between 26 and 27 Mb for each subpopulation. The variation in LD across chromosomes had a greater range for the Tx772 × Tx906 biparental subpopulation (Fig. 4b) , which was surprising given the large variable regions that were IBD across several of the B73Olc1 × Tx903 chromosomes (Fig. 2) , the logical explanation is a lower rate of crossing over.
Comparing the 4way0sib subpopulation to the biparental subpopulations the effect of multiple founders can be observed as can an initial increase in LD from four table 3. combined analysis of agronomic traits: plant height (Ph), ear height (eh), days to anthesis (dtA) and days to silking (dts); presented as the percent variation explained, significance level based on likelihood ratio test, and broad sense heritability estimates. haplotypes being admixed. The mean r 2 fell below the decay threshold (r 2 = 0.8) 300 kb further than it did in the B73Olc1 × Tx903 subpopulation (Table 4 ). Furthermore, within the 4way0sib subpopulation the extent of long-range LD (> 40 Mb) reached beyond that of either biparental subpopulation. It is also possible, though unlikely, that we produced a greater genetic bottleneck in the 4way0sib subpopulation; resulting in reduced allele frequencies and large segments, as well as, entire chromosome inheritance within the progeny (Broman, 2005) . The direct effect of intermating on genetic resolution was observed by comparing the 4way subpopulations. The 4way1sib, 4way2sib, and 4way3sib subpopulations fell below the LD threshold (r 2 = 0.8) at 0.50 Mb, 0.45 Mb, and 0.15 Mb, respectively; while the extent of LD (r 2 < 0.2) spanned 19 Mb, 20 Mb, and 11 Mb, respectively. In the diverse NAM population, complete LD decay (mean r 2 < 0.2) occurred within 1 to 2 kb (Remington et al., 2001; Romay et al., 2013) , although Gore et al. (2009) indicated that LD decay in association panels can extend to several megabases; especially in narrow elite breeding germplasm. Overall, however, this suggests that LD is more greatly decayed in a NAM population than in the FPM population.
Linkage disequilibrium showed that although increasing the number of founders broadened the allelic diversity in the population and allowed for greater SNP discovery it did not necessarily substantially decrease LD, which we would assume necessary to improve genetic resolution. These results did indicate that some intermating to break admixture is an important breeding strategy that should always be incorporated into a multi-parent population to return to the resolution obtained from a biparental cross. This is particularly relevant since the only maize MAGIC population reported to date did not conduct intermating past the initial funneling design prior to inbreeding (Dell'Acqua et al., 2015) , although the use of eight founders may overcome the admixture found in the 4way cross. While minimal improvement of resolution was obtained through two generations of intermating as opposed to one, the third generation of intermating resulted in a 3-to 4-fold increase in LD resolution in the FPM population compared to the biparental subpopulations and a 2.5-fold decrease in the extent of LD.
FPM Subpopulation Power Simulation
We performed power simulations to compare the QTL detection power of the FPM subpopulations following the methods of the NAM population study (Yu et al., 2008) . By randomly selection 20 and 50 SNP with effects; following a geometric distribution we simulated phenotypic data under heritability's (h 2 ) of 0.4 and 0.7 (Fig. 5 ). As expected, Markers used for B73Olc1 × Tx903, Tx772 × Tx906 and the four parent subpopulations were at least 5kb from one another and subset from within respective marker sets: 39,461 SNP, 62,750 SNP, and 118,509 SNP. The large gaps in marker spacing for B73Olc1 × Tx903 (e.g., chromosomes 4 and 9) were likely due to identity by decent from a shared parent. we found that power increased with (i) increased heritability ( Fig. 5a versus 5b) , (ii) decreased number of QTL ( Fig.  5b versus 5c ), and (iii) increased sample size. Ultimately, the FPM power simulations further indicate that MAGIC populations may improve QTL detection power (n = 500) over the NAM population utilizing less individuals and diversity ( Fig. 5a and 5b) (Dell'Acqua et al., 2015) ; although population size, which is larger in NAM, is still a major factor in QTL detection power.
Genetic Mapping in FPM
Best linear unbiased predictors (summarized in Table 5 ) of entry effect across the multiple environment analysis were used as phenotypic data in mapping all QTL for the four quantitative agronomic traits. The full population of 1149 individuals was used as our standard for locus detection with which individual subpopulations could be compared. A total of 20 QTL were detected across the population for all traits and environments using the full marker set (110,765 SNP after GAPIT minor allele frequency (MAF) removal). A single significant locus peak was detected with all four agronomic traits on the same region of chromosome 3 across a 1.3 Mb region (Table 6 ). This was both the largest peak and the only significant peak for all four traits at the stringent multiple-testing LOD threshold (5.04 LOD). Previous analysis of maize diversity panels have identified significant associations within this region of chromosome 3 for all agronomic traits (Wallace et al., 2014) . It is important to highlight that the LOD for the QTL with the greatest association (DTA_3.1, LOD = 20.74, Table 6 ) in this study was substantially lower than found for Mendelian traits yellow kernel (LOD = 107.10), red cob (LOD = 65.50), and the two blue aleurone genes (LOD = 47.96, 32.60) in the same population (Mahan, 2015) . Using this stringent significance threshold, 35 significant SNP for PH, 126 SNP for EH, 197 SNP for DTA, and 140 SNP for DTS were identified (Supplemental File S7; SNP with LOD > 5.04).
The FPM population was primarily designed for linkage mapping analysis and adjacent markers are likely linked, which contradicts the assumption of complete linkage equilibrium (D = O) among the markers used in Bonferroni multiple test adjustment implemented in GAPIT. For this reason we applied FDR P-value adjustments to lower our significance threshold to 4.65, 4.05, 3.80, and 3.95 LOD for PH, EH, DTA, and DTS, respectfully. By adjusting the significance threshold, two QTL (50 SNP) for PH, five QTL (184 SNP) for EH, seven QTL (337 SNP) for DTA, and six QTL (238 SNP) for DTS were identified with 95% confidence (Supplemental File S7).
Although we have discovered several QTL (Table  6) , the primary goal of this study was not to detect novel QTL, but rather to investigate how mating designs effect mapping power and resolution. Therefore the focus of the brief discussion below is on the QTL we believe to encompass important candidate genes. This is not to say that there are no plausible candidate genes for the other QTL, we have chosen to focus this discussion on regions that validate the ability of the FPM population to detect QTL for quantitative agronomic traits.
Height Associations
The major QTL associated with PH (PH_3) was located on chromosome 3 at 157,576,432 bp with a LOD of 7.48 ( Fig. 6a: PH_3 ; Table 6 ). Analysis of the markers flanking either side of chr3_157576432 (A/C) indicated that the negative allele (A) was donated by founder line Tx903 (Supplemental File S8a) with an allelic effect of 4.31 cm decrease in overall PH across the full population explaining one percent of the BLUP variation in height, though it is important to note that this is the marginal effect and all the other SNP around the peak are duplicable. It was not surprising that Tx903 contained the allele that decreases height as it was one of the shorter founders (Table 5) . A significant QTL for EH ( Fig. 6b: EH_3 .1) with a LOD of 13.35 was also found on chromosome 3 at 158,780,918 bp, within 1.4 Mb of the PH locus. Chr3_158780918 (C/G) decreased EH by 3.77 cm when a "G" allele was donated by Tx903 (Supplemental File S8b) and explained three percent of the BLUP variation ( Fig. 6b: EH_3.1) .
The most significant SNP for PH_3 and EH_3.1 may be explained by an adjacent locus semi-dwarf 2 (sdw2) (Neuffer, 1992) (chr3:158,841,148..161,311,068; IBM2 2008 Neighbors map) . Although the exact location of the sdw2 gene is unknown, it is a probable candidate locus due to its close proximity to the height QTL. Additionally, ZmHK2 (GRMZM2G471529) is within the support interval of EH_3.1, is orthologous to Arabidopsis HK3, a histidine protein kinase receptor positively transmitting cytokinin signaling (Riefler et al., 2006; Yonekura-Sakakibara et al., 2004) . Double (ahk2 ank3) and triple (ahk1 ahk2 ahk4) mutants have been shown to reduce shoot growth, leaf size, and shoot meristem size; demonstrating the role of HK genes in positively regulating cell division in response to cytokinin signaling. These cytokinin-responsive histidine kinase mutants downregulate auxin response genes causing the dwarfing phenotypes through reduced cell proliferation within the apical meristem of Arabidopsis (Higuchi et al., 2004; Nishimura et al., 2004; Tran et al., 2007) . Furthermore, Peiffer et al. (2014) discovered a significant polymorphism within camta3, a calmodulinbinding transcription activator (GRMZM2G171600), that resulted in a 2.9 cm increase in PH within the sdw2 locus. This is significant as hk2 and camta3 are ~6 kb from one another and likely contained within the same linkage block within the FPM population. Fine mapping or other approaches would be required to clarify which, or if both, genes are effecting trait variation in the FPM. No clear candidates were identified for the other PH and EH loci.
Flowering Time Associations
The most significant QTL associated with FT was located within 120 kb of EH_3.1, on chromosome 3 at 158,890,884 bp with a LOD score of 20.74 for DTA and 16.18 for DTS ( Fig. 6c: DTA_3.1; Fig. 6d : DTS_3.1). DTA_3.1 and DTS_3.1 will be referred to as the peak FT SNP in the discussion below. The allelic effect at this locus (C/T) for the "T" allele was roughly a 1 day reduction in FT (Supplemental File S8c:d) within the entire population, explaining four percent of the variation (population range for DTA was 23 days and 25 days for DTS). Parental lines Tx903 and Tx772 carried the negative effect allele in their respective biparental subpopulations. Although Tx903 showed a consistent negative effect across the flanking markers within the FPM population, further investigation is needed to determine which parent, if not both, caused the effect.
The peak FT SNP (chr3_158,890,884) flanks a MADStranscription factor 69 (mads69) locus (GRMZM2G171650 [zmm22]) (Chr3:158, 979, 321..159, 007, 265; RefGenV2) . MADS-box genes such as zmm22 encode transcription factors important in regulating plant development, specifically zmm22 has been shown to be important in improved selection in maize (Zhao et al., 2011) . Additionally, modulating the expression of zmm22 can alter timing of vegetative to reproductive phase (Kaeppler et al., 2014) , making it a likely candidate gene of FT in our study. The association found on chromosome 8 for FT ( Fig. 6c:d: DTA_8 .1 and DTS_8) increased confidence in the FPM mapping resolution and accuracy. DTA_8.1 and DTS_8 are near and likely encompass what is considered one of the largest FT effect QTL in domesticated maize (Buckler et al., 2009) , vegetative to generative transition 1 (vgt1; Chr8:132,473,577..132,963,880; IBM2 2008 Neighbors map) . The Vgt1 locus contains ZmRap2.7 (Chr8: 132, 044, 001..132, 047, 428; RefGenV2) , an ortholog of the Arabidopsis transcription factor (Rap2.7/TOE1) which negatively regulates delayed flowering (Salvi et al., 2007) .
Why So Few QTL?
We were surprised by the small number of quantitative loci detected and the low significance (LOD) score for those loci that were detected. Amazingly the largest nucleotide variation explained was ~4% of the FT trait values and the next was ~3% of EH trait value and the total variation explained by significant SNP for each trait was 16.8% PH, 35.8% EH, 55.0% DTA, 44.3% DTS. With such large phenotypic variation, high heritability, large population size, and substantial number of markers, it was expected that many more QTL would be detected. Although the association mapping approach (essentially single marker QTL analysis) may not be as powerful as interval mapping methods, it was expected that the large number of markers should have minimized the need for interval mapping. This is a new insight into the classical question of the "missing heritability" (Maher, 2008) , and this study provided a few novel perspectives from most traditional analyses. One potential non-genetic cause for the low number of QTL detected could be the high amount of field spatial variation which we observed when growing such a large population, however our statistical model should have accounted for much of this. Additionally, due to population size we were only able to have a single replicate per environment, although an augmented design was used. However, there was low error, high heritability and good separation between BLUP so this seems unlikely. The infinitesimal model is a hypothesis that most loci have a very small effects and there are many of them. By combining three (of four) very diverse parents, it seems likely that there would be at least two alleles at nearly every gene, indeed the high number of SNP and low IBD (except B73 and Tx903) show these were very diverse across the genome. The relatively high amount of recombination meant that the linkage blocks were very small, each containing few genes. The infinitesimal model would predict that effects could not be summed over the block and significance would not have reached for most of these very small functional polymorphisms; this seems to be a likely cause of the results in our study. Another potential reason is substantial epistasis across the genome for these traits. Mackay (2014) suggests that most epistasis is absent of main effects, thus it would be impossible to detect in a population with polymorphic alleles at many genes due to multiple testing (large "p" small "n" problem). In other words, with a more diverse genetic background and fine recombinational dissection of LD there are many possibilities of epistatic combinations and this population would quickly run out of power to detect these. Likely it is a combination of both of these phenomena of the infinitesimal model and epistasis between these small effect genes, which will make it difficult or even impossible to map the QTL for the phenotypic variation we are most interested in.
Challenges in Genetic Linkage Mapping in MAGIC Populations
In this study we had to rely on association mapping methods for QTL detection because of the type of population being analyzed and the large number of molecular markers generated by GBS. Software programs commonly used to construct linkage maps are restricted in the number of markers per linkage group that can be analyzed and in their ability to handle markers that are polymorphic across more than two parents. R/mpMap, one of the most promising packages developed so far to handle multi-parental populations, still has limitations including: (i) inability to handle heterozygous marker calls, (ii) inability to handle markers if a parental call is heterozygous/missing (i.e., marker must be removed), and (iii) extremely high computation demand in virtual (RAM) and physical (HDD/SSD) memory; leading to a failure to be implemented successfully outside of smaller wheat and tomato populations (Huang et al., 2012; Pascual et al., 2016) . A comprehensive list of current programs/packages being used to analyze multi-parental populations can be found in Huang et al. (2015) . Recently, Integrated Genetic Analysis Software for Multi-parental Pure-Line (Zahang et al., 2016; Zhang et al., 2017) has been released implementing inclusive composite interval mapping methods (Li et al., 2006) . Genetic Analysis Software for Multi-parental Pure-Line Populations could become a useful tool in constructing linkage maps and mapping QTL in MAGIC populations of four and eight way founder populations, although the quantity of data the software can handle is unknown. Construction of linkage maps for the FPM population as table 6. Qtl identified above the Fdr (α < 0.05) selection criteria. support intervals were set to the furthest extent that ld r 2 was greater than 0.80 (0.9 Mb) in any individual subpopulation from the furthest significant marker flanking the peak markers. the effect estimate, refers to the second alphabetical marker listed in the marker allele calls, the effect donor lists the line that has said marker. a whole and of its subpopulations would help to validate and strengthen our understanding of the effects of multiple founders and advanced generation intermating on the effective recombination rate and its importance in the accuracy of QTL estimation and mapping resolution.
conclusIon
The FPM population is unique among preceding MAGIC populations in that it contains both biparental and MAGIC subpopulations for comparison of mating designs effects on QTL mapping resolution and discovery; other confounding factors such as different parents, environments, phenotyping procedures and marker sets were controlled. To our knowledge no other population has been created to specifically compare different mating designs. Using this resource to map quantitative traits has led to a number of major empirical findings unique to this study that pertain to not only MAGIC populations but to the use of alternative mating designs in QTL mapping in general. Three of the most important of these findings were: 1) The number of individuals is more important than the mating design for increasing mapping power, but mating designs can increase resolution, evidenced by reduced LD. 2) Additional intermating is needed in any multi-parent cross to breakdown LD created by admixture, and intermating decreases LD linearly with each intermating generation.
3) The QTL mapping simulations show consistent and improved mapping power within MAGIC populations (MM and FPM) using fewer individuals and genetic diversity than that of the NAM diversity panel, while incorporating greater genetic recombination.
Supplemental Information
Supplemental File S1. Connecting letter report comparing significant differences in years by phenotype using Fisher's least significant differences test (α = 0.05 for plant height (PH), ear height (EH), days to anthesis (DTA) and days to silking (DTS). Supplemental File S3. Descriptive statistics of subpopulations, parental lines and ex-PVP lines for plant height (PH), ear height (EH), days to anthesis (DTA) and days to silking (DTS) by environment. Trait is the trait being summarized, env is the environment, POP is the respective subpopulation, N is the population size within that environment. Mean is the mean, variance is the variance around the mean, Std Dev is the standard deviation, Min is the minimum data entry, Max is the maximum data entry, Lower and Upper 95 CI are the confidence intervals around the mean at 95% confidence for the respective subpopulation within a specific environment for a specific trait.
Supplemental File S4. Percent heterozygosity of individual within each subpopulation. Boxplot indicated the inter quartile range as the box, the median as the line within the box and the first and 99th percentile are visualized by the whiskers. Supplemental File S5. Probability out of ten bootstrap iterations that the 4way3sib subpopulation remained significantly different from all of the other 4way subpopulations at varying bootstrap sampling quantities (n = 30, 100, 250, and 500) for PH (red) and EH (blue).
Supplemental File S6. Percent genetic variance explained by each of the subpopulations. Connecting lines are for visualization purposes only as the data is independent.
Supplemental File S7. All SNP considered significant associations above FDR cutoff of q < 0.05. Chromosome is the chromosome number, Position is the marker position on the chromosome, P-value is the significance of the respective marker, MAF is the minor allele frequency of the markers. FDR_Adjusted_P-values are the q-values outputs of the false discovery adjustment. LOD is-log 10 (P.value). Variation explained is the difference in Rsquare.of.Model. without.SNP and Rsquare.of.Model.with.SNP multiplied by one hundred (i.e., effect size). QTL is the name of the QTL that the respective SNP has been defined under.
Supplemental File S8. Comparison of peak marker in entire population with flanking markers using parental allele calls to elucidate trend in parental donor of effect allele in the bi-parental and four parent populations for (a) plant height, (b) ear height, (c) days to anthesis and (d) days to silking. Negative effect (red), positive effect (blue), monomorphic marker (yellow).
Supplemental File S9. Raw phenotypic data for plant height, ear height, days to anthesis and days to silking across all environments including commercial checks and parental lines. For the column headings: check is a classification for the statistical model of if the observation was for a specific check or for the generalized progeny. Entry is the progeny entry number, a value of zero is used for all of the checks. Env is the environment the observation was taken in as described in Table 1 . Block is the experimental design blocking with checks nested within each block. Range and row are spatial variables specific to each environment. The DTA, DTS, PH, and EH are the raw data for the traits days to anthesis, days to silk, plant height and ear height. Year is the year of the trial. The POP is the population that the data row belongs to. UniqueID is the unique identifier for each of the data entries.
